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ABSTRACT Recently, research has focused on developing efficient wave-guided THz system-on-chip
(TSoC) components to reduce physical bulk, loss and cost of free-space THz systems. We recently
demonstrated a TSoC platform using a coplanar-stripline (CPS) transmission-line on a 1 wm-thin membrane
to generate and detect THz-bandwidth pulses with low loss and low dispersion up to 1.5 THz. In this paper,
we demonstrate experimentally an in-phase THz power divider (TPD) at frequency 0.65 THz using the CPS
transmission line defined by photolithography on a thin membrane. Measured pulses show close agreement
with simulation results. The spectral power density of the measured THz-bandwidth pulses at the output
ports are identical at the frequency of 0.65 THz with less than 1 dB power imbalance over a wide spectrum

up to 1 THz.

INDEX TERMS Terahertz waveguide, coplanar stripline, power divider, thin membrane.

I. INTRODUCTION

Recently, we demonstrated a THz system-on-chip (TSoC)
platform using a 1 pum-thin Si3N4 membrane in which thin
photoconductive switches (PCSs) were bonded directly on
a coplanar-stripline (CPS) transmission-line to generate and
detect THz-bandwidth pulses with low loss and low disper-
sion [1]. Using that approach, it becomes possible to develop
different active and passive TSoC components, such as power
dividers (PDs), which are essential passive components for
future TSoCs.

Power dividers have been proposed with numerous con-
figurations in microwave spectrum, such as T-junction,
Y-junction and Wilkinson. These power dividers were
implemented using waveguides [2]—-[4], microstrip [S]-[9],
coplanar waveguide (CPW) [10]-[13], substrate integrated
waveguide (SIW) [14]-[18], complementary split-ring res-
onators (CSRRs) [19], and many research results that are
based on two types of waveguide and transmission line such
as microstrip-slotline [20]-[25], microstrip-CPS [26], [27]
CPW-microstrip [28], CPW-asymmetric coplanar stripline
(ACPS) [29]-[32], and slotline-ACPS [33], [34].
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Furthermore, many mm-wave/THz PDs have been intro-
duced using different structures such as waveguide [35]-[37],
Wilkinson [38], [39], planar Goubau lines (PGLS)
[40], graphene plasmonic waveguide [41], electromag-
netic bandgap (EBG) waveguide [42], directional coupler
waveguide [43], substrate integrated coaxial line [44], and
CPW-CPS [45].

In this paper, we used the membrane platform introduced
in [1] to demonstrate experimentally a 3-dB in-phase THz
power divider (TPD) with a design frequency of 0.65 THz
using a symmetric CPS transmission line on a 1 pum-thin
Si3 N4 membrane.

Prior work using planar transmission lines (i.e. microstrip,
slotline, CPW, CPS) was targeted mainly at microwave
frequencies and implemented by integrating two types of
transmission lines (i.e. one for excitation and the other
for the division). Table 1 provides a comparison between
the presented work and the prior power dividers demon-
strated with the CPS and ACPS transmission lines. The
main advantages of using the membrane platform introduced
in [1] are bandwidth (up to at least 1.5 THz), fabrication
precision, compatibility with conventional photolithographic
fabrication, low loss, and low pulse dispersion. The bal-
anced CPS transmission line is desirable for many TSoC
designs [46]-[48]. Moreover, the CPS transmission line is
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TABLE 1. Comparison between the presented work and the prior power dividers demonstrated with CPS and ACPS transmission lines.

Transmission Bandwidth | Properties
Reference line Substrate (GHz) (dB) Notes
RO4003 3.1t0123 FLL:jsé In-phase
[26] - M. Leib et al &=3.38 RL :1'0
Microstrip-CPS t=810 um 1to12.3 L=46 180° out-of-phase
RT/Duroid 5880 RL=10
[27] - P. Wu et al &§=22 26.5 to 40 N In-phase
. Isolation = 14.4
t=254 um
RT/Duriod 6010 RL=21.5
[29] - L. Fan et al &=10.8 2to 4 IL=3.5 In-phase
t=1524 pm Isolation = 24
Si RL =22 o
[30] - T. Laneve et al £= 400 um 21.5t023 IL=07 Wilkinson
CPW-ACPS Si and alumin RL =30
[31] - M. Scardelletti et al PV 7510125 |IL=3.55 Wilkinson
t=400 + 500 um LT
Isolation = 15
Alumin RL =30
[32] - K. Hettak et al o 19t0255 [IL=35 Wilkinson
t=254 um L
Isolation = 30
RT/Duriod 6010 RL =23
[33]-L. Fanetal &=10.8 25t03.5 |IL=3.8 180° out-of-phase
. t=1524 pm Isolation = 20.5
Stotline-ACPS e T Duriod 6010 RL =20
[34] - K. W. Wong et al &=10.8 0.4to1.1 IL=3.3 In-phase
t=1270 pm Isolation = 20
GaAs RL=18
[45]- C.Lietal CPW-CPS _ 4410112 |IL=423 In-phase
t=620 pm e
Isolation = 20
. RL =40 In-phase
Presented work cps oute membrane 63010670 | 1L=3.1 &
K Isolation = 30 180° out-of-phase

RL = return loss and IL = insertion loss.

appropriate for designing and combining different TSoC
components (such as power dividers, couplers, filters, chokes,
stubs, etc.) either in series or parallel configurations. To the
best of our knowledge, this is the first THz power divider that
uses CPS transmission line in the entire structure. Table 1
illustrates that this work is unique both in terms of high
frequencies of operation and the use of a thin membrane
substrate.

Il. THEORY

Considering the lossless power divider shown in Fig. 1,
we model the CPS transmission lines as a port with
impedances Z; for input and two series-connected output
ports Z and Z3.

To match all ports, the impedance of the input port (Z;)
must be matched to the load impedance Z;, (i.e. the reflection
coefficient I' = 0 for Z; = Z). A quarter-wave impedance
transformer, Z,, is required to match the output ports with
the input port. The impedance of input port Z; is related to the
equivalent impedances of each output ports (i.e. Zy; represents
the series equivalent of Z,, and Z,, while Z3; represents the
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FIGURE 1. Schematic diagram of THz power dividers.
series equivalent of Z,, and Z3):
Zy =20+ Zsi ()

The power division ratio ¢, which is the ratio of the power
delivered to the output ports, P and P3 respectively, is related
to the input impedance of the output ports Z»; and Z3;:

Py 73
o= — = —
Py Zyi

After rearranging equations (1) and (2), the equivalent

input impedance of the two output ports (Zy; and Z3;)

@
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FIGURE 2. (a) Structure of TPD using CPS transmission line on a thin
membrane. (b) ABCD matrix representation of the TPD.

are:

Zri =Z1/(1 + @) (3a)
Z3i =Z1/(1 + 1/a) (3b)

For equal power division ratio « = 1 (i.e. P, = P3 =
P1/2) and identical CPS transmission line impedance at input
and output ports (Z; = Zp = Z3z = Zp), the equivalent input
impedance of the two output ports will be: Zy; = Z3; =
Zo/2. Therefore, the A /4 impedance transformer must have
Zy given by:

I = 70701 =70 . 20)2 = Zo/ V2 )

Figure 2(a) illustrates the structure of TPD using sym-
metric CPS transmission lines on a 1 um-thin membrane.
The input and output ports have a CPS geometry, stripline
width Wy and separation Sy, and impedance Zy. The 1/4
impedance transformer was represented by a CPS trans-
mission line with stripline width W,, separation S, and
impedance Zy/+/2.

Since the output ports are connected in series (1) we can
use the ABCD transmission matrix method to model the CPS-
PD. Figure 2(b) illustrates the ABCD representation of the
TPD using CPS transmission line. The circuit from the input
port to one of the output ports is modelled by four cascaded
ABCD matrices [49]. The matched input and output ports
are represented by ABCDy, and the A/4 impedance trans-
formers are represented by ABCD,,. For the series-connected
ports, the voltages and currents relations are given by
Vi =2V, = -2V3and I} = I, = —I5 (see Fig.2(b)) which in
matrix form is given by:

[ =menc 2] <[ 1[]
B e

The ABCD; matrix assumes an equal power distribution
(P, = P3 = P1/2) which can be verified by calculating
P>/Py = (172 Re{ V215 })/(1/2 Re{ V1] }). Note that ABCDy is
positive and negative for Port 2 and Port 3, respectively. The
total ABCD matrix that relates the output port, P», with the
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FIGURE 3. The transmission and reflection coefficients of the TPD using
the ABCD representation.

input port, P, is given by:

ABCD; =ABCDy x ABCD; x ABCD,, x ABCDy (6a)

A Bi| (Ao Bo||2 O|[An Bu||Ao Bo
C; D/| |Co Dol|0 1|{|Cn Dml|l|Co Do
(6b)

where the ABCD matrix of the lossy transmission line
(ABCDy for the ports and ABCD,, for the impedance trans-
former) is calculated using [50]:

coshyL

ABCD = [(1 /Z) sinhy L

Z sinhy
coshyL] (60)

where y = o + if is the complex propagation constant,
L is the length of the CPS transmission line and Z is the
complex impedance of the CPS transmission line. We used
a 2D simulation to obtain approximate values of Zy, Z,, =
Z0/~/2, yo and y,, of the CPS transmission-line (more details
in Appendix A). Then, the scattering parameters were calcu-
lated from the ABCD matrix using the following conversion
equations [49], [51]:

_ AN +(BNn/Zp) — CnZy — Dy

1= (7a)
AN + (BN /Zy) + CnZp + Dy
2(ANDy — ByCy)
S12 = (7b)
AN + (BN /Zy) + CnZp + Dy
2
SH = 7c
27 An + Bv/Zo) + CnZo + Dy 70
_ —AN + (By/Zp) — CNZy + Dy (7d)

Ag + (BN /Zp) + CnZp + Dy

Figure 3 shows the transmission coefficient, S»1, and the
reflection coefficient, Sq;, of the TPD calculated from the
ABCD; matrix. It is clear that the series connection of the
output ports with impedance transformer Z,,, = Zp/ V2 intro-
duces very good matching at the design frequency.

In the same manner proposed in [29], [33], switching the
matching impedance between Zy/+/2 to ~/2Zy switches the
phase difference between the output ports from 180° out-
of-phase to in-phase.

It should be noted that the effect of CPS discontinuities
around the impedance transformer has not been included
in the Matlab calculation. Moreover, it is not possible to
include the ABCD matrices of the three ports simultane-
ously to estimate the interference between the output ports
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(e.g. S23). Furthermore, these calculations do not provide
the phase relation between the input and output ports. Con-
sequently, we need to use simulation software to obtain an
accurate design and optimum structure.

lIl. SIMULATIONS

The design was simulated in both time and frequency
domains using ANSYS HFESS software. The following mate-
rial properties are used in the simulations. For Silicon Nitride:
€ =76, u, =1,0 =0, and tan 6, = 0.00526 [52]. For the
gold line: the standard bulk conductivity o, = 4.1 x 107 S/m
with negligible surface roughness.

A. FREQUENCY DOMAIN SIMULATION
The frequency-domain simulation provides an accurate, deep
insight of the design parameters to optimize the geometry of
the TPD structure on the thin membrane.

First, HFSS was used to obtain the characteristic
impedance and propagation constant of the CPS transmission
line used for the input and output ports and /4 impedance
transformers. The optimal geometry of the CPS transmis-
sion line for the input and output ports minimizes atten-
uation of the CPS transmission lines for stripline width
Wy = 45 um and separation between striplines So = 70 um
[53]. The geometry of the A /4 impedance transformer Z,,; is
Wi =45 um, S| = 25 pm, while the geometry of Z,; is
Wy = 10 um, S» = 70 um. More details are presented in
Appendix A.

Then, HFSS was used to design the structure of the TPD
(shown in Fig. 2(a)) using the CPS-transmission line on a
thin membrane. The length of the A /4 impedance transformer
(which controls the design frequency, fy) depends on two
parameters: the distance between the output ports (Ay) and
the angle of the impedance transformer 6. The minimum
distance Ay to avoid interference between the waves prop-
agated to the output ports is around 200 pm. This is the main
constraint imposed on selecting the design frequency (i.e. the
shorter Ay introduces higher fp). In addition, the angle 9 is
used to control the design frequency, while also changing
the equivalent reactance around the CPS discontinuity which
could allow fine-tuning of matching.

Figure 4(a) shows the S-parameters of the optimized TPD
structure. As predicted theoretically and shown in Fig. 3,
the impedance transformer provides a good matched circuit
for all ports around fy = 0.65 THz. In addition, the transmis-
sion coefficient of the output ports is S>; = S31 = —3.08 dB.
The —0.08 dB represents the attenuation of the CPS
impedance transformer (i.e. —0.6 dB/mm).

Figure 4(b) illustrates the phase relation between the output
ports compared to the input port, in addition to the phase shift
between the output ports. It’s clear that the A/4 impedance
transformer of impedance Z,, = Zo/+/2 introduces a 180°
out-of-phase TPD. The electric field of the wave propagated
(at fo = 0.65 THz) through the out-of-phase CPS-TPD struc-
ture illustrates that no reflection was observed on the entire
structure (as shown in Fig. 6(c)).
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FIGURE 4. (a) S-parameters of the 180° out-of-phase CPS-TPD. (b) Phase
relation between ports. (c) Electric field propagation through the CPS-TPD
at fy = 0.65 THz.
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FIGURE 5. (a) S-parameters of the 180° out-of-phase CPS-TPD with
power division ratio « = 2. (b) Phase relation between ports. (c) Electric
field propagation through the CPS-TPD.

To demonstrate the ability to control the power division
between the output ports, we used equations (2) and (3) to
design a power divider with power division ratio o = 2 (i.e.
P3 = 2P,). By substituting in these equations, the equivalent
input impedance of the two ports will be Zp; = Z; /3 and Z3; z
271 /3. Therefore, the A /4 impedance transformer must have
Zmar = Z1 /3 and Zya3 = /2/3Z; with a CPS-geometry of
Wina2 =45 um, Syq2 = 10 um and W43 =45 um, Sy,03 2 38
um, respectively (the impedances Z,,,2 and Z,,,,,3 presented in
appendix A). Figure 5(a) shows that input power is divided by
a division ratio o = 2 for which the transmission coefficients
of the output ports are So; = —4.8 dB and S31 = —1.8 dB with
a 180° phase difference as shown in Fig. 5(b). Figure 5(c)
shows that the intensity of the electric field of the propagated
wave at the output port 3 is higher than of the output port 2.
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FIGURE 6. (a) S-parameters of the in-phase TPD. (b) Phase relation
between ports. (c) Electric field propagation through the in-phase TPD at
fo = 0.65 THz.
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field propagation through the combiner structure.

Next, we explored the in-phase TPD using the CPS trans-
mission line. Figure 6 shows the simulation results of the
in-phase TPD. We explored using a matching impedance
of Zyp = «/EZO with a CPS geometry of W, = 10 um,
S> = 70 um, which introduces better matching at the design
frequency fo = 0.65 THz. On the other hand, it reduces the
output waves, S21 and S31, to —3.1 dB due to the higher
attenuation of the CPS (i.e. —1 dB/mm).

To investigate the operation of the in-phase TPD struc-
ture as a THz wave combiner, we simulated a structure that
consists of two mirrored in-phase TPDs; the first part is
used to divide the input wave into two identical in-phase
waves while the second one is used to combine these waves.
Figure 7 shows the calculated S-parameters illustrating that
the reflection at the input port, S, at the design frequency
(fo = 0.65 THz) is minimum, emphasizing a good matching
for both TPD and THz combiner structures.

B. TIME DOMAIN SIMULATION

The time-domain simulation characterizes the excitation of
the structure and analyzes the spectrum of transmitted and
received pulses. We used the optimized structure of the
in-phase TPD obtained by the frequency-domain solver.
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FIGURE 9. Time domain simulation results: (a) Input and output pulses of
the reference structure. (b) Spectral power density of the input and output
pulses. (c) Pulse after propagation through the TPD structure at different
points. (d) Spectral power density of input and output pulses of the TPD.

The dimensions of the 0.4 um-thick LTG-GaAs chips
(introduced in [1]) used for the transmitter and receiver are
20 um x 40 pum. Two 12.5 um x 10 um gold contact
pads, separated by a 5 um gap, are patterned on these chips
using photolithography to form each PCS. These dimensions
are chosen as a compromise between ease of handling and
contacting, which favor larger contacts, and minimizing radi-
ation, which favors smaller. These PCS dimensions constrain
the geometry of the CPS at input and output ports to be
Win = Siy = 10 um. These small PCS dimensions, and
the resulting narrow CPS geometry, minimize radiation at
higher frequencies during excitation since Sj, z 2W;, <
Ao/2 at, for example, 3 GHz, forming an inefficient dipole
radiator. We then tapered the narrow CPS to a wider CPS
(Wo = 45 um, Sog = 70 um) to minimize the attenuation of
the transmission line. More details were described in [53].
The optimal tapering length which introduces an acceptable
reflection is 0.5 mm. Furthermore, a Bias-T configuration
which consists of a meander inductor and an interdigitated
capacitor was designed to connect the bias voltage to the
transmitting PCS (through the inductor) and block the bias
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Transmitting PCS

Bias-T Receiving PCS

FIGURE 10. (a) The fabricated membrane-based TSoCs mounted on a printed circuit board (PCB). (b) Microscope image of
CPS-TPD structure. (c) Microscope image of transmitting PCS (gold contacts are face down to contact gold lines).
(d) Microscope image of the Bias-T configuration. (e) Microscope image of the receiving PCS.

from the receiving PCSs (by the interdigitated capacitor).
These structures were designed separately to enhance the
efficiency of the TSoC.

To investigate the amplitude response of the TPD, we com-
pared the received pulses of two structures; the first is the
reference structure (i.e. tapering, CPS, and Bias-T without
the TPD), and the second structure that includes the tapering,
Bias-T, CPS and the TPD (as shown in Fig. 8). The length of
the simulated structures is 4 mm while the fabricated structure
is 10 mm (for computational efficiency). We excite these
structures with a Gaussian pulse, with full width at half max-
imum (FWHM) = 1 ps, similar to the pulse generated from
the active PCS, calculate the electric field of the pulse after
propagation through the two structures and then calculate the
spectral power density of these pulses.

Figure 9(a) illustrates the normalized electric field of the
input and output pulses of the reference structure while the
spectral response of the output pulse is shown in Fig. 9(b).
Figure 9(c) shows the normalized electric field of the pulse
propagated through the TPD structure at different points
(i.e. A, B, C and D) to investigate the effect of different
structures on the pulse-shape. The pulses at the points B
and C, respectively, are considered as the input and output
pulses of the TPD structure, while the pulse at point D is the
estimated output pulse of the entire TSoC. It should be noted
that the A /4 impedance transformer provides good matching
at a certain frequency, fy, and the mismatch at the other
frequencies produces a spectral reflections, these reflections
appeared in the pulses at points C and D and produce a power
imbalance between the output ports. This power imbalance is
shown in Fig. 9(d) which illustrates the spectral response of
the received pulses of the TPD structure.

IV. EXPERIMENTAL MEASUREMENTS

Figure 10 shows the fabricated CPS-TPD, as one of many cir-
cuits, on a 1 um-thin Siz N4 membrane. A series of procedures
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were processed to fabricate the membrane-based TSoC; a 1
um-thin layer of Si3Ns was deposited on a quarter of a
500 um-thick double-sided polished (DSP) Si wafer. Next,
we used photolithography to define the membrane windows
(on the lower side of the Si wafer) and etch these areas
using Potassium Hydroxide (KOH). Then, photolithography
was used to define the metallic structures on the upper-side
of the wafer. After that, physical vapour deposition (PVD)
was used to deposit a 15 nm layer of Titanium (Ti) as an
adhesion layer between the membrane and a 200 nm layer
of gold (Au). Finally, the thin LTG-GaAs PCSs were bonded
to the CPS (at the positions of the input and output ports)
using a drop of deionized (DI) water to create a Van der
Waals (VDW) bond.

The THz time-domain spectroscopy (TDS) measurement
setup shown in Fig.11 was used to generate and detect THz
pulses [54]. The transmitting PCS was biased through the
inductor of the Bias-T with 25V DC voltage. A 90 fs laser
pulse (wavelength = 780 nm, repetition rate = 80 MHz) was
divided by a beam splitter into two paths; one is directed to
excite the transmitting PCS through an optical chopper; the
other goes through a mechanical optical delay line (sweeping
velocity = 0.02 mm/s) and is then focused on the receiving
PCS. The receiving PCS is similar to the transmitter but
without DC bias which was blocked using the interdigitated
capacitor of the Bias-T. The optical chopper in the transmitter
path modulates the laser pulse train at a known frequency (e.g.
1.1 kHz). The reference signal of the chopper is connected to
a lock-in amplifier. The received pulse is plotted by sweep-
ing the physical path-length difference between transmitter
and receiver using the repetitive photoconductive sampling
method [54]-[56].

It should be noted that the experimental setup enables
the measurement at one of the output ports. So, the same
installation setup (i.e. the same bias voltage, the same current
of the laser source and the same alignment of the laser beam
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FIGURE 12. Experimental measurements: (a) The measured current of the
output ports. (b) The spectral power density of the measured current.

(c) The difference between the spectral power density of the measured
output pulses.

on both output ports) was assured for the measurement of both
output ports.

Figure 12(a) illustrates the measured current pulses at the
output ports, with peak currents of 9.35 nA and 9.5 nA. The
measured pulses show close agreement with the simulation
(shown in Fig. 9(c)). The zoomed-in inset on Fig. 12(a) shows
a time-shift of 0.08 ps between the measured pulses at the
two receivers, which corresponds to an approximate 20 um
placement-inaccuracy of the receiver PCSs. Figure 12(b)
shows the spectral power density of received pulses obtained
by applying the Fast Fourier Transform (FFT) to the measured
pulse. One well-known challenge of this type of THz system
experiment is the lack of a direct measurement probe to mea-
sure an absolute amplitude (or attenuation) at different points
of the structure (e.g. before and after the TPD). Therefore,
to compare the spectral response of the measured-pulses,
we normalized the spectral response of the measured pulses to
the maximum value such that the maximum was 0 dB. Also,
we noticed an increase in the spectral power density around
the 1.3 THz. This increase could be caused by the Fabry—
Pérot resonance due to the A /4 impedance transformers. The
resonant frequency, ff, for a cavity with length 1 and refractive
index of the substrate n is calculated by fr = ¢/2nl leading
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to a resonant frequency of the A /4 impedance transformer of
fr = ¢/2n(hy/4) = 2fo = 1.3 THz. The difference between
the spectral power density of both pulses is negligible at the
design frequency of 0.65 THz (due to the good-matching at
this frequency) and less than 1 dB power imbalance over a
wide spectrum up to 1 THz as shown in Fig. 12(c).

V. CONCLUSION

In this paper, we introduced the theory and simulation results
of THz power dividers, either 180° out-of-phase or in-phase,
using a A/4 impedance transformer with line impedances
of Zo/~/2 and ~/2Zy respectively. The operation of the
in-phase TPD as a THz wave combiner was investigated
using ANSYS HFSS due to the difficulty of experimental
validation. We demonstrated experimentally an in-phase TPD
using the CPS transmission-line on a 1 pm-thin Si3sN4 mem-
brane. The peak currents of the measured pulses are around
9.5 nA, the spectral power density of the received pulses are
identical at the design frequency of 0.65 THz and a minor
power-imbalance (less than 1 dB) was achieved over a wide
spectrum up to 1 THz.

This attractive THz platform enables potential future appli-
cations such as terabit millimeter-wave circuits, imaging
systems and compact/efficient waveguide-based THz spec-
troscopy systems. The TPD will be a key element in future
applications where we plan to perform coherent measure-
ments on a selection of devices under test.

APPENDIX A - THE SIMULATION RESULTS OF THE CPS
TRANSMISSION-LINE

ANSYS HFSS was used to obtain the complex impedances
and propagation constants of the CPS transmission lines of
different geometry (i.e. the ports and the A/4 impedance
transformer) as shown in Fig. 13.
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